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LIST 01 ABBREVIATIONS AND SYMBOLS 
h Unit e n t h a l p y , BTU per pound 
v V e l o c i t y , f ee t pe r second 
j Mechanical equiva len t of h e a t , 778 foot pounds per BTU 
g Dimensional c o n s t a n t , 32«2 feet per second pe r second 
f F u e l - a i r r a t i o , pounds of fue l pe r pound of a i r 
0 t Absolute t e m p e r a t u r e , R 
e c Combustion e f f i c i e n c y , dimension l e s s 
h Chemical energy of f u e l , HTU per pound 
INTRODUCTION 
PURPOSE 
In December, 194.6 t h e General E l e c t r i c Co, publ ished i t s 
b u l l e t i n No. DF 31523 on t h e performance, i n s t a l l a t i o n , and op 
e r a t i o n of an educa t iona l gas t u r b i n e , commonly c a l l e d a boo t -
s t r a p u n i t . Th i s un i t ( l i k e o t h e r s which followed) did not 
produce any net work or t h r u s t ; t h e e n t i r e ou tpu t of t h e t u r -
bine was absorbed by t h e compressor . Since t h e n , t h e r e have 
been many s i m i l a r u n i t e c o n s t r u c t e d both i n i n d u s t r y and i n 
engineer ing s c h o o l s . The Georgia I n s t i t u t e of Technology 
s t a r t e d c o n s t r u c t i o n of i t s b o o t s t r a p u n i t i n May 1948? t h e 
u n i t was ready fo r o p e r a t i o n i n Apr i l 1949* Unfor tuna te ly , 
i t did not perform s a t i s f a c t o r i l y . Some m o d i f i c a t i o n s were 
t r i e d ; steam was i n j e c t e d j u s t a f t e r t h e combustion chamber, 
and t h e s t a r t i n g a i r was l e f t on during t h e o p e r a t i o n of t h e 
u n i t . I t was p o s s i b l e wi th t h e s e e x t e r n a l coo l ing mediums 
t o get i t runn ing , but only i n a very narrow range of speeds 
without exceeding t h e t empera tu re l i m i t s . S ince t h e only 
reason for t h e u n i t s i n a b i l i t y t o ope ra t e p r o p e r l y r e s t e d in 
t h e design of t h e combustion chamber and compressor duc t , i t 
was decided t o r e d e s i g n t h e s e components. 
I t was t h e purpose of t h i s paper t o show why t h e new 
combustion chamber was designed as i t was and t o show how i t 
performs r e l a t i v e t o combustion chambers on Je t engines and 
on o the r b o o t s t r a p u n i t s , 
2 
RFYIEW OF THE LITERATURE 
A search of the literature on combustion chamber design 
brings out clearly the fact that there are no analytically de-
rived equations which correlate the various factors which affect 
combustion chamber performance. That is to say, one cannot 
find an equation, or set of equations, which will enable a de-
signer to predict the effect on combustion chamber performance 
when one factor, say combustion chamber exit temperature, is 
varied and the others, say inlet air velocity, temperature and 
pressure, fuel characteristics, degree of atomization of the 
fuel, combustion chamber volume, size and arrangement of secon-
dary air holes, are held constant. 
The following are typical quotations from various papers 
on the subject of combustion chamber design: 
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(1) Walker says, "It was, consequently, never possible to 
design and build a combustion chamber based on an intimate study 
of the combustion conditions likely to prevail, and on the Chemi-
cal and physical characteristics of the fuel and air streams, 
For one thing, such fundamental data both as to the characteris-
tics involved and as to the conditions of operation were partially, 
and in some cases, completely lacking. The greater part of the 
initial development was based on ad hoc experimentation and cut 
and try methods aided by a good deal of guessing.* 
3 
(2) Nerad s t a t e s , "While the turbo jet combustor i s an 
apparently simple device mechanically t h i s appearance may be 
somewhat misleading because of the close interdependence of the 
various phases of i t s design. The hole and louvre arrangement, 
the fuel injection c h a r a c t e r i s t i c s , the degree of uniformity of 
the a i r supply and the nature and location of the i gn i to r affect 
one another mutually. This complexity has had the r e su l t that 
a long program of cut and t r y development has been the usual rule 
in order to obtain highest performance in a l l respects from a 
given design." 
, . 26 
(3) Redding says, "At present, a remarkably small amount 
of fundamental understanding of the avia t ion gas turb ine combus-
t ion chamber e x i s t s . . . . The great improvements in combustion 
chambers over the past few years have to a large extent resul ted 
from careful t e s t ing under conditions simulating engine operation 
coupled with empirical modificat ion." 
(4) Shepard s t a t e s , "The development of combustion cham-
bers to date has been accomplished by almost wholly empirical 
means. Although guided by a few broad p r inc ipa l s , and i t i s as 
yet impossible to produce a combustion chamber from a set of de-
sign data without a considerable amount of experiment and t r i a l 
and error modification." 
I t should be pointed out that although a tremendous amount 
of research work i s being done on a l l phases of gas t u rb ines , a 
great majority of i t i s c l a s s i f i ed . If i t had been possible to 
obtain these classified papers, most of the apprehension associated 
with this project might have been avoided, 
It should not be inferred from the foregoing that there is 
no information available on combustion chambers. Although it is 
true that the information which is available is of a most general 
character, certain trends were pointed out in practically all the 
pertinent literature. With these trends known and assuming that 
good guesses could be made when definite information was unavail-
able, the design of the combustion chamber was started. 
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APPARATUS AND INSTRUMENTATION 
The main component of t h e gas t u r b i n e un i t i s a General 
E l e c t r i c Type B-31 t u rbosupe rcha rge r (1) which c o n t a i n s t h e 
t u r b i n e wheel , s i n g l e s t age c e n t r i f u g a l compressor, and a gear 
t ype l u b r i c a t i n g o i l pump, 
The compressor duct (2) whose func t ion i s merely t o lead 
t h e compressed a i r from compressor d i s cha rge t o combustion cham-
ber i n l e t has two s e c t i o n s , one be ing p r a c t i c a l l y s t r a i g h t , t h e 
o t h e r i s a 186 bend which has one con t inuous t u r n i n g vane . 
The duct i s 8 X 3 throughout except f o r a t r a n s i t i o n p iece 
next t o t h e compressor d ischarge* The t r a n s i t i o n p i e c e i s 
M » rt v• » 
5 X 7 on one end and 8 8 on the other; i t s axial length 
tt 
i s about 12 • I t has 4 turning vanes at i t s compressor d i s -
charge end to reduce loss due to turbulence. 
In the Combustion chamber (3) a i r and the fuel are mixed 
and burned, the products of combustion then going to the turbine . 
The intake a i r duct (4.) conducts ambient a i r through the 
ce l l block to the intake of the compressor. See reference 22 
for br ief discussion of the design of t h i s component. 
After the a i r goes through the intake duct, compressor, 
compressor duct, combustion chamber, and turbine, i t i s exhausted 
to the atmosphere by means of the exhaust duct (5)» 
* Parenthesized numbers following name of part or component 
refer to corresponding or component par t in Figures 5 through 11 
inc lus ive . 
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A 3/4 hp. , 220 v o l t , e l e c t r i c motor (6) vee belt connected to 
a centrifugal blower (7) supplies cooling a i r to the bearings of the 
supercharger and also t o the turbine cooling cap. The blower i s 
necessary because the supercharger i s designed for operation at high 
a l t i t udes in high speed a i rcraf t and the bootstrap i s both s ta t ion-
ary and at approximately sea l eve l . The colling effect of the a i r 
delivered by the blower must be subs t i tu ted for the cold high ve loc i -
ty a i r going by the bearings when the supercharger i s in normal opera-
t i on . 
A 110-15,000 volt transformer (8) supplies high vol tage cur-
rent to the spark plug. 
Fuel i s supplied with a war surplus a i rcraf t pump (9) vee belt 
connected to a 1 hp . , 110 volt e l e c t r i c motor (10). The pump can 
del iver up to 7 pounds of Diesel fuel per minute at pressures ex-
ceeding 1000 p s i . Fuel i s injected into the combustion chamber 
through a fixed o r i f i c e nozzle (11)*. 
A Potentiometer Pyrometer (12) connected through a se lec tor 
switch (13) to the s ix thermocouples i s used for a l l temperature 
measurements. 
Since the turbosupercharger i s operated over a wide range of 
speeds, an e l ec t r i c tachometer set (14) i s used. The indica tor 
reads 1/500 rotor speed. 
A beam type scale (15) i s used for measuring the amount of 
fuel delivered to t he u n i t . 
Is similar to those used in domestic heating u n i t s . 
7 • 
Immediately before the 189 bend in the compressor duct there 
i s a s t a t i c pressure tap (16), impact tube (17)» and thermocouple 
while at the entrance to the combustion chamber the re i s a s t a t i c 
pressure tap (19) and thermocouple well (20). At the turbine in le t 
are the following: one s t a t i c pressure tap (21), one impact tube (22) 
and two thermocouple wells (23), (2 i J . 
An aspira t ing thermocouple (25) i s s i tuated about th ree inches 
outside the turbine i n l e t duct. I t i s connected to t h e impact tube 
l i ne by a tee connection. When a reading from t h i s thermocouple i s 
desired, the globe valve (26) which i s in pa ra l l e l with the manometer 
measuring t o t a l pressure at turbine in le t i s opened. This by-passes 
the manometer and the temperature of the products of combustion passing 
the thermocouple can read. 
A discussion as to the reasons for the type and posit ioning of 
the instruments wi l l be given l a t e r . 
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DESIGN OF THE CGkBUSTION CHAMBER 
V 
DESIGN OF THE OUTER DUCT JttiD TRANSITION PIECE 
35 In S u r i n e ' s paper , t h e most Important conclusion drawn 
waa t h a t l a r g e volumes, low i n l e t a i r a i r v e l o c i t i e s , and high a i r 
p r e s s u r e s were conducive t o h igh combustion e f f i c i e n c y , low s t a t i c 
p re s su re l o s s , and easy s t a r t i n g . With t h i s fac t in mind, i t waa 
decided to make t h e combustion chamber as l a r g e as p o s s i b l e . In 
keeping with t h e cur ren t des ign p r a c t i c e a combustion chamber of 
conica l shape was decided upon. Since t h e l e n g t h of t h e combustion 
chamber was l i m i t e d ( t he compressor duct had a l r eady been des igned, 
cons t ruc ted , and i n s t a l l e d by t h e w r i t e r ) t h e only way t o have a 
l a r g e volume was t o have a l a r g e l a t e r a l d imension. Cons idera t ion 
of t h e working drawings of t h e compressor duct i n d i c a t e d t h a t an 
n 
outer duct with a maximum diameter of 21 while not being the lar-
gest possible would be the largest practical one. If the outer 
duct were made much larger it would be rather difficult to assemble 
and maintain the unit* The compressor duct being of square cross-
it H 
section, it was necessary to build a transition piece from 8 X 3 
N 
t o a 21 d iameter . The a x i a l l e n g t h of t h e t r a n s i t i o n p i ece was 
m 
qu i t e a r b i t r a r i l y se t at 8 s ince i t was thought adv i sab le t o have 
t h e maximum diameter c l o s e t o t h e point of f u e l i n j e c t i o n . I t had 
a l ready been decided t o i n j e c t fuel as f a r from t h e t u r b i n e i n l e t 
as p o s s i b l e (a t t h e i n l e t t o t h e t r a n s i t i o n p i ece ) so as t o g ive a 
maximum time for i t s v a p o r i z a t i o n , i g n i t i o n , combustion and a l so 
9 . 
for the mixing of the hot and cold gas streams. If the t r a n s i t i o n 
piece were made much longer, there would have been a p o s s i b i l i t y of 
the fuel droplets s t r ik ing the flame tube wall and burning and/or 
evaporating and depositing carbon. The disadvantage of having such 
an abrupt change in cross-sect ion i s , obviously, that the "shock" 
loss i s grea ter than i f the change were more gradual. A good com-
promise between "shock** loss and the p o s s i b i l i t y of carbon deposi-
* 
t i on (not based on any calculat ions) seemed to be an & ax ia l length. 
The compressor duct had been designed so that the gases flowing 
through the combustion chamber would not have to tu rn any corners be-
fore get t ing to the turbine in l e t sec t ion . After the t r a n s i t i o n 
piece was designed, constructed, and i n s t a l l e d , measurements were taken 
from the inside diameter of the t r a n s i t i o n piece to the ins ide diameter 
of the turbine in le t sect ion. The perpendicular distance between the 
centers of these parts was also measured. These measurements ind i -
cated that the center l i n e of the turb ine in le t section was coincident 
with tha t of the t r a n s i t i o n piece . 
Since the turbine in le t sect ion had a special flange whose mat-
it 
ing piece was on the or ig ina l combustion chamber, a 6 1/2 piece of 
the or ig ina l combustion chamber containing t h i s mating flange was cut 
off and used. 
Consideration of the design of the compressor duct indicated 
that some provision had to be made for the expansion of the outer 
duct. The coefficient of thermal expansion of Inconel (of which the 
flame tube and outer duct was made} was found to be 6.4 X 10.6. The 
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maximum temperature was estimated at aoout 2500 F. (this rather 
high temperature was chosen to afford at wide margin of safety.) 
The amount of expansion to be provided for was then easily obtained, 
A simple expansion Joint with only one pleat was decided upon 
since it, like the rest of the combustion chamber, was to be fabri-
cated by the writer. There were no reasons other than pure intui-
tion which dictated its design. During the brief trial runs of the 
bootstrap, the expansion joint seemed to operate satisfactorily. 
It was necessary not only from a fabrication but also from an 
experimental standpoint that the transition piece and outer duct be 
two separate pieces which could be detached from each other with a 
n 
minimum of t rouble . Flanges of 1 3A r ad i a l width were welded to 
a 
these two p a r t s . The flanges were separated hj a 1/16 asbestos 
n » 
gasket. Twenty four 5/16 cap screws through 3/8 holes were used 
for holding the par t s r i g i d l y together . 
With the axia l length and both diameters of the outer duct 
known as well as the length of the flange and expansion j o i n t , the 
design of the outer duct was complete. 
I t should be pointed out at t h i s time that the various com-
ponents were not fabricated ent i re ly from drawings. This would 
have been possible i f the wri ter had had the services of competent 
machinists, sheet metal workers, and welders. As i t was, when 
each part was made, i t was f i t t e d and then adjustments were made in 
the design of the other par ts which followed. 
Unfortunately, t h i s was not possible in a l l cases . After 
11 
part of the outer duct had been fabr icated, i t was found that i t s 
smaller end did not match the turbine i n l e t sect ion. Instead, the 
center l i nes of these two par ts were out of l i n e by about 1 1/2 • 
This was, no doubt, a resul t of d i s to r t ion of the duct while i t was 
being welded. The only way to remedy the s i tua t ion without making 
a new outer duct was to cut out part of the compressor duct, f i t the 
outer duct and flanged pieces properly, hold them r ig id ly in place, 
and then f i t p la tes onto the compressor duct, 
12 
DESIGN OF THE FLAME TUBE 
The flame tube i n p r a c t i c a l l y a l l combustion chambers i n u se 
i n gas t u r b i n e s or t u r b o - j e t i n s t a l l a t i o n s today have two d i s t i n c t 
zones . The f i r s t i s t h e r e a c t i o n zone ( a l s o c a l l e d t h e pr imary 
zone) where t h e fuel and p a r t of t h e a i r d e l i v e r e d by t h e compres-
sor a r e mixed and where combustion t a k e s p l a c e . The second i s t h e 
mixing zone wherein t he p r o d u c t s of combustion and t h e remainder of 
t he a i r a r e combined; t h e mix ture^ cooled t o a t empera ture d i c t a t e d 
by m e t a l l u r g i c a l c o n s i d e r a t i o n s t h e n t r a v e l i n g t o the t u r b i n e . 
The reason fo r t h i s s e p a r a t i o n and recombinat ion of t h e gas 
s t reams i s simply t ha t t h e o v e r a l l a i r - f u e l r a t i o necessary t o keep 
t h e t u r b i n e i n l e t t empera tu re w i t h i n l i m i t s i s so high as t o be p raC-
t i c a l l y incombus t ib le , Vincent says t h a t t h e o v e r a l l a i r - f u e l 
r a t i o i s u s u a l l y about 125 pounds of a i r p e r p e r pound of f u e l , 
When t h i s i s compared with a i r - f u e l r a t i o s i n t h e combust ible range 
(bet-ween 5 and 45 pounds of a i r per pound of fue l depending on t h e 
hydrocarbon be ing bu rned) , t h e reason f o r t h e two s e p a r a t e zones be -
comes even more obvious . Fur thermore , t h e l e n g t h of t h e flame body 
( t h e reg ion between t h e po in t of fuel i n j e c t i o n and t h e po in t of com-
p l e t e combustion) i s much l o n g e r i f t h e s e p a r a t i o n of t h e s e zones i s 
not adequa te ly provided f o r . When s u f f i c i e n t combustion space i s 
al lowed, t h e extremely high t empe ra tu r e i n t h e primary zone i n s u r e s 
r ap id and complete ( u s u a l l y 95-98$) combustion. Since t h e d i s t a n c e 
between t h e compressor duct and t u r b i n e i n l e t had to be s u f f i c i e n t 
for reasonab ly complete combustion, i t was impera t ive t o des ign t h e 
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flame tube with a large primary zone and yet provide for su f f i -
cient space for a thorough mixing of the two streams. With these 
confl ict ing factors in mind and p rac t i ca l ly no engineering infor-
mation avai lable , the design of the flame tube was s t a r t e d . 
As wil l be pointed out in subsequent paragraphs, the fue l -a i r 
r a t io in the reaction zone of the flame tube i s approximately the 
chemically correct one. I t can easi ly be shown that a f u e l - a i r mix-
tu re of t h i s type wi l l r esu l t in the products of combustion being at 
approximately ^500 F. This figure i s , of course, dependent upon 
many fac tors , but can be considered to be close to being r ight for 
conditions which were present in the combustion chamber of the boot-
strap u n i t . If there were a 2000° F temperature drop between the 
hot gas and flame tube wall , i t ( the flame tube wall enclosing the 
primary zone) would be at a temperature of 2500° F. Furthermore, 
the heat t ransferred by rad ia t ion from the gas might cause the tem-
perature of the tube to be ra i sed another 200 or 300 F. These ex-
tremely high temperatures, obviously indica te the need for a special 
alloy as material for the flame tube . Fortunately, i t was possible 
to get a sheet of Inconel for the fabr icat ion of the flame tube and 
outer duct, 
As indicated in the above, i t was not possible to ca lcula te the 
temperature of the flame tube . The reason i s , quite obviously, be-
cause the condition (temperature, pressure and velocity) of the gas 
was unknown and also because information as t o the factors affect ing 
radiant t ransfer of heat were completely unicnown. 
*775 t i cke t i 15';"' Chromium, 2% Iron, plus small amounts of copoer, 
manganese, carbon and sulphur. Short time t e n s i l e strength at 2000 F 
i s 11,000 ps i . 
H 
I t was hoped tha t the secondary a i r flowing over the outside 
surface of the flame tube would keep i t s temperature within reason-
able l i m i t s . Furthermore, the only s t ress on the flame tube would 
be i t s own weight which was not expected to exceed 35 pounds. A 
reinforcing strap was welded around the periphery of the flame tube 
at the point of suspension to insure against mechanical f a i l u re . 
All indications pointed to the fact tha t the Inconel would be s a t i s -
factory for t h i s appl ica t ion . 
Way-" suggests tha t the flame tube be designed so that the mix-
tu re in the primary zone be r i ch ; he also suggests tha t a "suitable11 
coefficient be applied to the primary a i r o r i f i ce so that t h i s r ich 
mixture be obtained. Unfortunately, he does not say exactly how 
r ich the mixture should be nor does he say what a su i tab le coeffi-
cient should be. A great majority of the other wr i t e r s suggest that 
the mixture should be approximately the s toiometr ic amount and i s 
often quite lean (20 t o 30 pounds of a i r per pound of fue l ) . 
Relying on the majority opinion, the wr i te r decided to design 
the or i f ice so thcit the a i r admitted into the primary zone would be 
110$ of the chemically correct amount. 
12 The General Elec t r ic Co. in t h e i r Bul le t in No.DF 31523 s t a t e 
that the compressor wil l del iver 200 pounds of atmospheric a i r per 
minute at sea l eve l conditions when the compressor i s ro ta t ing at 
20,000 rpm and the discharge pressure i s 32 ps i a . Assuming that 
the General E lec t r i c Co. defines ambient conditions as 30 F and 14..7 
psia and knowing the temperature of the compressed a i r , the average 
15 ' 
veloci ty of the discharge a i r was calculated to be 6u feet per 
second. Assuming further that the a i r veloci ty was constant over 
the cross-section of the duct, i t was possible to predict how much 
a i r would be passing through an opening of a given s i ze . 
In order to determine the s ize of the primary a i r o r i f i ce , i t 
was necessary to know how much fuel would be required to run the uni t 
at 20,000 rpm. In the General E lec t r i c Bul le t in i t was s tated that 
o 
the turbine in le t temperature was 1100 1 when the unit was operating 
at 20,000 rpm and not bleeding any a i r# Since the combustion chamber 
in le t and outlet temperatures were known and also the mass ra te of flow 
of a i r , i t was possible to predict the fuel requirements with reason-
able accuracy. Calculation resul ted in an approximate fuel requirement 
of 2«76 pounds per minute, 110$ of the stochiometric amount of a i r 
would therefore be 45.9 pounds per minute* Knowing the veloci ty of 
the a i r entering the combustion chamber, the mass flow in the primary 
zone, and the density of the a i r , i t was a simple matter to determine 
the ideal area of the primary a i r o r i f i c e . I t came out to be 0.0918 
square f ee t . 
I t was f i r s t thought that the coefficient to be used to a r r ive 
at the actual diameter of the o r i f i ce should be about 0,62, but a f t e r 
fur ther consideration i t was decided to use 0 .8 . This choice l ike 
many of the previous ones v?as completely a rb i t r a ry since there were 
no published data avai lable for a s i t ua t i on which approximated t h i s 
one. Using t h i s coeff ic ient , the diameter of the primary a i r o r i f i c e 
16 
N t« 
came out 5«13 • This as rounded off to 5 since the actual veloci ty 
prof i le of the entering a i r was not expected to be a s t ra igh t l i n e but 
ra ther a curve with a maximum value at t h e center of t he duct, 
The next problem was to decide how many secondary a i r holes 
would be necessary and what t h e i r s ize and posi t ion would be, 
LQ 
ffells does not feel qualif ied to make even the most general 
suggestion as to the design of the mixing section* He says, "The 
problem (of designing sa t i s fac tory combustion chambers) was d i f f i -
cult because the changes (in posi t ion and s ize of the secondary a i r 
holes) had to be made empirical ly. No theory was ava i lab le for ac-
curately predict ing the effect of a change in the hole s izes in the 
l i n e r wall*1. Any number of papers dealing with t h i s part of the com-
bustion chamber say subs tan t ia l ly the same th ing . The only one which 
makes any sort of concrete statement concerning the posi t ioning and 
31 
dimensioning of the secondary a i r holes i s Shepard who s t a t e s tha t 
placing the holes in an i n - l i n e ra ther than in a staggered arrange-
ment r e s u l t s in a be t te r temperature p r o f i l e at turbine i n l e t . He 
gives no reason for t h i s but i t can be explained by resor t ing t o , 
what might be cal led, physical i n t u i t i o n , F i r s t , a statement as t o 
the factors involved in the mixing process . The depth of penetrat ion 
of an a i r Jet into a hot gas stream wi l l depend upon the r e l a t i v e mag-
nitudes of the velocity and density of the streams, the diameter of 
the o r i f i c e through which the cold a i r i s entering the hot gas region 
and the r a t e of heat t r ans fe r by conduction and connection between je t 
and main gas stream. 
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lor the sake of convenience in comparison, l e t us assume 
that we have two iden t i ca l combustion chambers one of whose mix-
ing section i s made up of a number of l a t e r a l holes in a scattered 
arrangement, the other of whose l a t e r a l holes are made in an in-
l ine arrangement, **et us assume further that the same quantity of cool 
a i r i s being supplied to both and tha t we wil l take temperature pro-
f i l e s from both at the same axia l distance from the f i r s t mixing hole. 
To fur ther simplify the discussion l e t us also assume tha t the dia-
meters of the various holes in both combustion chambers are a l l the 
same. 
As the main gas stream passes the f i r s t hole of the mixing 
sect ion, the a i r je t in both combustion chambers w i l l have the same 
depth of penetration and the mixture immediately behind the f i r s t s i r 
hole w i l l , in both cases, be i d e n t i c a l . In the i n - l i n e arrangement, 
the next a i r je t wi l l have a grea ter depth of penet ra t ion since the 
gases that flow past i t are co l l a r and are not t r a v e l l i n g as fast as 
the gas stream flowing past the f i r s t a i r hole . Thus i f we have 
suff icient space, i t would be possible for t h i s arrangement of a i r 
holes to actually separate the main gas stream into hot sections 
with a cool one between them. Now l e t us look at what i s happen-
ing to the streams in the combustion chamber with the scat tered a i r 
hole arrangement. As previously s ta ted , the mixture behind the 
f i r s t hole would be the same as t he i n - l i ne arrangement. But in-
stead of following up t h i s f i r s t quenching with s t i l l another, we 
allow another a i r jet angularly displaced from the f i r s t to d ie-
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charge into the s t i l l uncooled main gas stream. I t s penetrat ion i s 
the same as the f i r s t . Thus a f te r the main gas stream t rave l led a 
cer ta in distance downstream, the only port ion of the stream that i s 
cooled i s the one closest to the flame tube wall* Remembering that 
the temperature p rof i l e of the gas stream before the mixing sect ion 
i s s imi lar to the veloci ty prof i le of a f lu id in turbulent flow, we 
see tha t we have cooled that portion of the stream which was cooler 
to begin with. Natural ly , a f te r the main gas stream has t rave l led 
through t h e mixing zone a considerable port ion of i t has been cooled 
but the canter core (which i s ho t tes t ) has not . In a word, the 
staggered arrangement has allowed us to cool the periphery of the 
main gas stream, while the in - l ine arrangement has allowed us to 
penetra te into the ho t tes t part of the stream. This penetration 
wi l l , therefore,, r e su l t in a more uniform temperature p ro f i l e a f te r 
mixing. With the above in mind, i t was decided to have the secon-
dary a i r holes in an i n - l i n e arrangement; t h e i r loca t ion and s ize 
s t i l l had to be determined. 
With no engineering data avai lable to determine the t o t a l 
secondary a i r hole area, another guess was made: the cross-sec-
t iona l area of the compressor duct was 64. aq, i n . , the cross-sec-
t ional area of the primary a i r o r i f i ce was 13»2 sq. i n . The 
l a t t e r was subtracted from the former and the remainder was 50.3 
sq.. in . This was assumed to represent the t o t a l ideal secondary 
a i r hole area necessary. Applying a coefficient of 0 .3 , the t o t a l 
secondary a i r hole area came out to be 63.6 sq. i n . Having the 
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rows of a i r holes spaced at 450 i n t e rva l s around the periphery of 
the tube gave eight holes per cross-section* Arb i t ra r i ly decid-
ing to make a l l the secondary a i r holes 1 £ diameter, i t waB 
found necessary to have six holes per row or a t o t a l of 4.8, 1 ^ 
holes . This gives a t o t a l secondary a i r hole area of 5$«9 sq . in . 
which was considered close enough to the amount needed. 
I t was now necessary to determine exactly where these holes 
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would be . Mock,* Shepard, LLoyd and Hawthorne emphasize 
the fact tha t i f the secondary a i r holes are placed so tha t they 
discharge cold siir into that region wherein the process of combus-
t i o n i s taking place, the cold secondary a i r wi l l quench part of 
the flames below the ignit ion temperature and hal t the combustion 
process before i t has gone to completion. This, obviously, would 
have a def in i te adverse effect upon combustion eff ic iency. Fur-
thermore, they say that the flame body wi l l be increased i f suf-
f ic ient combustion volume i s not provided. 
Another guess was made: the edge of the f i r s t secondary a i r 
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hole would be 18 from the primary a i r o r i f i c e . The holes would 
be equally spaced from that point to the end of the flame tube. 
I t was further decided to make the tube j shor ter than the 
outer duct to allow for expansion. Unfortunately, the d i s to r t ion 
caused by welding the flame tube would not allow i t to f i t the 
outer duct properly• It was neeesaary to cut off about two inches 
from the turbine end of the tube before the par t s mated as they 
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should . This made t h e flame t u b e JB l ong , 
The maximum diameter of t h e flame tube and t h e maximum of 
t h e o u t e r duct were t o be a t t h e same a x i a l d i s t a n c e from t h e com-
p r e s s o r duct* The maximum d iamete r of t h e flame tube was d e t e r -
mined by f ind ing t h e r a t i o s of t h e flame t u b e s and o u t e r duc t s of 
t h e j e t engines in t h e Mechanical Engineer ing L a b o r a t o r i e s . The 
r a t i o in both cases was y*l. Applying t h i s r a t i o , t h e d iameter 
n 
of t h e flame tube fo r t h e boot s t r a p came out 15*5 • The r ea son 
f o r t a k i n g t h i s r a t i o a s des ign informat ion was, as i n p rev ious 
i 
e a s e s , t ha t no o t h e r in fo rmat ion was a v a i l a b l e * 
The design of t h e flame t u b e was then complete . 
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FUEL AND IGNITION S¥3VmS 
Neither the fuel nor the igni t ion systems were, in the true 
sense of the word, designed, fiat her they were assembled from equip-
ment which was ava i lab le . This equipment was modified to a greater 
or l e s se r extent t o f i t the pa r t i cu l a r requirements of the bootstrap 
u n i t . 
The fuel nozzle obtained was the same as used in domestic o i l -
burning u n i t s . The modification was merely the enlargement of the 
nozzle grooves so tha t i t would pass 3 pounds of fuel per minute at 
a pressure of 1000 p s i . After the f i r s t set of t r i a l runs were made, 
i t was found tha t the actual fuel requirements were l a rge r than a n t i -
cipated. Since i t was impossible t o increase the fuel pressure and 
s t i l l have a r e l i a b l e unit (the vee bel t connecting t h e pump and e lec-
t r i c motor would s t a r t to a l t e rna te ly s l ip and hold when fuel pres-
sure exceeded 1200 p s i ) , i t was necessary to increase the s ize of the 
grooves. Since the exact fuel requirements were unknown, the grooves 
were purposely made quite l a rge . When the unit was reassembled, i t 
was found that the nozzle would pass sufficient fuel to run the unit 
at 20,000 rpm when the fuel pressure was about 500 psi*. 
A gear type fuel pump was obtained; no modifications were neces-
sary to f i t i t d i r ec t ly into the proposed fuel system. 
In view of the fact that the fuel tank was to be unenclosed, a 
fuel f i l t e r was obtained and ins ta l l ed without any modif icat ions. 
The simplest and most r e l i ab l e means of varying the fuel pres-
sure was by means of a pa ra l l e l bleed-off line» Control was to be 
22 
exercised by means of a right angle needle valve on the pa ra l l e l 
l i n e . The control system proved to be pa r t i cu l a r ly sa t i s fac tory 
because pressure could, in case of emergency, be reduced from 1000 
psi to 0 psi by turning the control valve handle through a very 
small angle (about 60°) • A fuel shut off valve was ins t a l l ed Just 
a f te r the pressure gauge because when the gauge read 0 psi there was 
Just enough actual pressure in the l i n e to make the nozzle d r ip . By 
closing the fuel shut-off valve pos i t ive stoppage of flow to the noz-
zle was insured* 
Since t he ve loc i ty of flame propagation on the type of fuel-
a i r mixture which was t o be encountered in the flame tube was about 
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2-3 fps and the velocity of the air entering the primary zone of 
the flame tube was about 64. fps, some mechanism to either decelerate 
or reverse the air stream was absolutely essential to the establish-
ment of a zone wherein the combustion process could take place. This 
mechanism was to be the flame holder. 
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Mock -* suggests a great many different methods to create a sta-
bilized flame front ranging from an ordinary disc placed immediately 
before the point of fuel injection to an elaborate honeycomb of ori-
fices and passages for the air around the fuel nozzle* 
In order to keep the fabrication problem within reason and 
still be certain that the flame holder would function properly, one 
of the simpler designs suggested by Mock was decided upon: a frust rum 
of a cone with fuel injection at the smaller end and the larger end 
facing downstream. Unfortunately, Mock made no recommendations as 
to dimensions for any of the types of flame holders he mentioned. 
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The la rger diameter of the cone had to be smaller than the 
primary a i r o r i f i ce (since the en t i r e flame holder was to be ins ide 
the flame tube) and was a r b i t r a r i l y chosen to be 45 • The smaller 
diameter, since the flame holder was t o be welded to the fuel nozzle 
adapter, was necessar i ly 3/4 in diameter. The length was determined 
by deciding to have the area between the edge of the flame holder and 
the flame tube wall equal to the area of the primary a i r o r i f i c e . The 
axial length of the cone came out to be 1 1/8 • 
The unit was disassembled a f t e r the f i r s t set of t r i a l runs , and 
the flame holder was inspected, A coat of greasy soot about 3/32 
thick was found completely covering i t . I t was assumed tha t the flow 
reversal caused by the flame holder was so pronounced that burning fuel 
was being thrown on i t s face, the fuel then cooling below a temperature 
where complete combustion could take place . In order to el iminate t h i s , 
n 
many small holes (0,045 diameter) were d r i l l ed in the flame holder 
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surface, the holes being on 5 cen te rs . This would cause small streams 
of a i r to encounter the fue l - a i r mixture as i t was just about t o hi t 
the face of the flame holder and thus prevent the deposition of carbon, 
The system seemed to work f a i r l y s a t i s f a c t o r i l y , since only a very 
th in layer of powdery caroon was deposited on the flame holder a f te r 
the second set of t r i a l runs» 
The igni t ion system, while i t was a small component of the boot-
s t rap unit and in operation only a small fraction of the time that the 
unit was running, was so important tha t as much time was spent on i t 
as on the ent i re flame tube assembly. 
2U • 
The spark plug was salvaged from the General E lec t r ic jet 
engine in the Mechanical Engineering Laboratory. Since the spark 
. n 
gap was only about 3/32 , the low tension part of the plug was d i s -
carded and a low tension point was welded to the flame holder. The 
spark gap was adjusted to 5/ lo • As a mounting the spark plug hold-
er from the je t unit was bol ted to the flame holder, 
The reason for ge t t ing the 110-15,000 volt transformer was that 
i t was the only high voltage transformer ava i l ab le . 
The igni t ion system worked excellently; during the t r i a l runs, 
combustion s ta r ted to take place as soon as the fuel shut off valve 
was p a r t i a l l y open, 
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MISCELLANEOUS 
The method of flame tube suppor t , s i n c e i t was a minor d e t a i l , 
was a r r i v e d a t wi thout any c a l c u l a t i o n s f o r s t r e s s . The only impor-
t a n t f a c t o r t o be cons ide red was t h a t of assembly and main tenance . 
I t was decided t h a t t h e flame tube would have one main support t o hold 
i t v e r t i c a l l y and t h a t space r s would be used t o hold i t i n t h e cor rec t 
h o r i z o n t a l p o s i t i o n . Two v e r t i c a l s t r i p s of Inconel each approximate-
l y 3 / lo t h i c k were t o be welded t o t h e i n s i d e of t h e o u t e r duct at i t s 
uppermost p o i n t . The flame tube was t o have one s t r i p of t h e same 
s i z e welded t o i t is uppermost p o i n t , and t h i s s t r i p was t o f i t i n be -
lt 
tween t h e two on t h e o u t e r duc t . Two 5/16 s t a i n l e s s s t e e l b o l t s 
were passed th rough t h e t h r e e s t r i p s and he ld them r i g i d l y t o g e t h e r . 
Because of f a b r i c a t i o n d i f f i c u l t i e s , , i t was necessa ry t o weld t h e two 
s t r i p s for t h e o u t e r duct t o a t h i r d one so t h a t t h e c r o s s - s e c t i o n of 
the sub-assembly resembled t h e Greek l e t t e r " p i " . The e n t i r e sub-
assembly was then welded t o the i n s i d e of t h e o u t e r d u c t . 
The space r s , s i n c e they would not be sub jec ted t o any a p p r e c i -
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able mechanical stress, were to be made of 1 X 1/8 black iron strip. 
Their length was determined by placing the flame tube inside the out-
er duct as it would be in service and fitting the spacers in between 
the outer duct and flame tube. They were welded to the outer duct in 
that position. 
Since the drain had to connect the flame tube and a valve on the 
outside of the combustion chamber and still allow the flame tube and 
outer duct to be separated easily, it was decided to place a union be-
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tween them. All connections wero to be welded and $ pipe and 




After t he completion of t h e design ana c o n s t r u c t i o n of t h e 
combustion chamber, i t was i n s t a l l e d , and t e s t runs were made, 
As has been p r e v i o u s l y ment ioned, a f t e r t h e f i r s t se t of t r i a l 
r u n s , t h e fue l and i g n i t i o n systems were modi f ied . I t was pos -
s i b l e , a f t e r t h e s e m o d i f i c a t i o n s were made, t o get t h e u n i t run -
ning at 20,000 rpm. U n f o r t u n a t e l y , t h e combustion chamber did not 
perform as wel l as had been expected . The w r i t e r had been of t h e 
opinion t h a t t h i s combustion chamber would enable t h e u n i t t o oper -
a t e a t 20,000 rpm at a t u r b i n e i n l e t t empera tu re between 900-1100 F. 
Th i s op in ion was based on t h e fac t t h a t t h e o r i g i n a l b o o t s t r a p u n i t 
b u i l t by t h e General E l e c t r i c Go* i n 194-6 opera ted a t a t u r b i n e i n -
l e t t empera tu re of approximate ly 1100°F. The combustion chamber 
on t h i s u n i t was t h e same as used i n e a r l y models of a General 
E l e c t r i c t u r b o - j e t e n g i n e . I t was assumed by t h e w r i t e r t h a t t h e 
T e l o c i t y of t h e a i r i n t h i s combustion chamber would be h i g h e r t h a n 
in t h e new one at t h e Georgia I n s t i t u t e of Technology s i n c e t h e Gen-
e r a l E l e c t r i c combustor was designed f o r a un i t whose s i z e and 
weight had t o be kept a t an a b s o l u t e minimum. With a i r v e l o c i t y 
h i g h e r , t h e s t a t i c p r e s s u r e drop must a l s o be h ighe r ; i t was, t h e r e -
f o r e , reasonable t o assume t h a t t h e new combustion chamber on t h e 
b o o t s t r a p at t he Georgia I n s t i t u t e of Technology would perform as 
w e l l , i f not b e t t e r , than t h e combustion chamber on t h e o r i g i n a l 
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General Elec t r ic bootstrap u n i t . This b e t t e r performance, i t was 
further assumed, would enable the Georgia I n s t i t u t e of Technology 
bootstrap unit to run at a lower temperature than General E l e c t r i c s 
(at any given speed)* This was not the case; the turb ine in le t 
temperature of the bootstrap at the Georgia I n s t i t u t e of Technology 
was 1530°F at a speed of 20,000 rpm. Hughes1 ? s t a t e s that the boot-
strap developed by A m s-Chalmers Manufacturing Co, (which used two 
combustion chambers in p a r a l l e l ) operated at a turbine i n l e t tempera-
ture of 1250°F at 20,000 rpm, 
With the comparatively mediocre performance of the new Georgia 
I n s t i t u t e of Technology boots t rap in mind, the performance of the 
or iginal combustion chamber on the Georgia I n s t i t u t e of Technology 
bootstrap wi l l be cited* As mentioned in the introduct ion to t h i s 
paper, the or ig ina l bootstrap unit could not be operated without ex-
terna l cooling mediums (steam inject ion at the turb ine end of the 
flame tube, and u t i l i z a t i o n of the s t a r t ing a i r a f t e r combustion was 
es tabl ished) . With these , i t was possible to run the unit at 1£00°F 
at a speed of 14,000 rpm. Stable operation could not be obtained 
at any other speeds without exceeding the 1400°F l imit at turb ine in-
l e t . Before the design of the second combustion chamber was s tar ted 
the wri ter modified the fuel 3ystem on the or ig ina l unit and was able 
to run i t at speeds from 6,000 to 20,000 rpm at turbine i n l e t tempera-
tures ranging from approximately 1200° to 1350 F respec t ive ly . In 
a l l fairness t o the designer of the or iginal combustion chamber, i t 
must be pointed out that the bootstrap was not equipped with an in-
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take a i r duct at the time these runs were made. The unit would 
have performed s l i gh t ly more s a t i s f ac to r i l y had t h i s duct been 
ins t a l l ed . 
Aside from the fact tha t the new combustion chamber allowed the 
bootstrap to operate at a lower in l e t temperature, there i s another 
fact that should be mentioned. I t was observed when the o r ig ina l 
bootstrap at the Georgia I n s t i t u t e of Technology was running at low 
speeds (6,000-12,000 rpm), that flames were passing the turbine 
wheel. At speeds exceeding 12,000 rpm, flames could be seen in-
side the exhaust duct. At 20,000 rpm, i t was noticed that burning 
was s t i l l taking place at a point about 3 feet past the end of t h e 
exhaust duct. Furthermore, when a rapid acce lera t ion was caused 
by l i t e r a l l y jamming fuel into the combustion chamber, the fuel was 
s t i l l burning at a point 10 to 12 feet past t h e exhaust duct. As 
soon as the accelera t ion was stopped, the flames subsided to the 
above-mentioned point three feet past the exhaust duct. As wi l l 
be noticed from the photographs, the end of the exhaust duct i s 
about 8 feet from t h e turbine in le t sec t ion. All indicat ions point 
to the fact that a great deal of the combustion was taking place out-
side the combustion chamber* This fact was fur ther verified when 
temperature measurements were taken just a f te r the flame tube and 
and at turbine i n l e t . The temperature just a f t e r the flame tube 
was about 1230°F and at turbine in le t about 1850°F at 20,000 rpm. 
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If the chamber had been performing properly, the temperature Just 
a f ter the flame tube would have been higher than at turbine i n l e t , 
In addit ion, since burning was tak ing place past the turbine i n l e t , 
the temperature indicated by the thermocouple at that point did not 
represent nozzle box temperature, but was lower ~by an amount depend-
ing upon how much combustion had taken place between i t and the nozzle 
box ex i t . This s i tuat ion was brought about by the fact that the sec-
ondary a i r holes were too close to the point of fuel in jec t ion , 
In contrast to t h i s , the only v i s ib l e sign that combustion was 
taking place in the bootstrap uni t with the new combustion chamber 
was that the turb ine blades and nozzle box were cherry red (when ob-
served from a safe d is tance) , No smoke was observed coming out of 
the exhaust duct or past the tu rb ine wheel even at 20,000 rpm. I t 
was possible t o see the path tha t the exhaust gases were taking only 
because of the difference in the index of refract ion between exhaust 
gases and the ambient a i r . 
.Ayers et a l report t ha t t he bootstrap unit at Purdue Universi-
ty required water inject ion to l imit turbine in le t temperature to 
1600 F. In contrast to the s i t u a t i o n with the original bootstrap 
at the Georgia I n s t i t u t e of Technology, where there were no i n s t ru -
ments with which to measure the amount of steam injected into the 
combustion chamber, the bootstrap unit at Purdue University had an 
elaborate set of instruments which enabled the operators to make a l l 
important measurements. 7?hen the Purdue University bootstrap was 
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operating at a speed of 12,000 rpm, 350 pounds of water per hour 
were required to l imi t turb ine in le t temperature to l600°F; at 15,000 
rpm, 650 pounds per hour were required; and at 18,000 rpm, 950 pounds 
par hour. Fhen the curve ( in t h i s case, a s t ra ight l ine ) of water 
requirements vs speed was extrapolated to 20,000 rpm ( i t wasn't pos-
s ib le to get the unit running at 20,000 rpm because the crater system 
capacity was insuff ic ient ) the estimated water required came out to 
be approximately 11^0 pounds per hour - hourly requirements of over 
one-half ton of water, 
After consideration of the preceding paragraphs, the performance 
of the present combustion chamber on the bootstrap at the Georgia x n-
s t i t u t a of Technology does not show up too poorly* 
Unfortunately, i t was not possible to get exact quant i ta t ive 
data on the performance of the combustion chamber. This extremely 
regre table s i tua t ion was brought about by a se r ies of equally regre t -
able mishaps, The f i r s t occured short ly af te r the wr i te r s tar ted 
working on the or ig ina l boots t rap . As previously mentioned, the o r i -
ginal unit required the use of steam to l imit turbine in le t tempera-
tu re . On one occasion, the wri ter forgot to turn the steam on; whan 
t h i s was discovered, the pyrometer indicated a temperature of over 
2000°F. The unit haa just been s ta r ted and, there fore , i t s speed was 
only about 9,000 rpm; never theless , temperatures of t h i s magnitude 
shortened the l i f e of the turbine blades. In addi t ion , the unit was 
(for various reasons) brought up to 20,000 rpm at a turb ine in le t tern-
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perature of about 18^0 J many t imes. Since the turbine blades were 
not designed to withstand high s t resses at such extreme temperatures, 
i t was inevi table tha t they should f a i l . Besides t h i s , since the 
s ta r t ing a i r , of necessi ty , was l e f t on, the blades were subjected to 
severe heating and quenching cycles . This resu l ted in accelerat ing 
the fa i lure of some of the turbine blades by effect ing t h e i r c rys ta l 
s t ruc ture . Six blades fai led on the or ig ina l turbosu>ercharger in 
February, 1951» The second turbosupercharger was in s t a l l ed , but the 
unit was run only ones before the or ig ina l duct and combustion cham-
ber were scrapped, 
After the new combustion chamber was i n s t a l l e d , the unit was 
run about s ix t imes before the second mishap occurred. The unit had 
been running at 20,000 rpm for some time when a sheet of flame was 
observed coming from the section between the compressor diffuser and 
turbine nozzle box. The unit was immediately shut down, and the 
f i r e extinguished. Invest igat ion proved that the bearing next to 
the turbine wheel had been leaking o i l badly. I t had leaked past 
the bearing, poured over the hot nozzle box, and then flashed into 
flames. Damage was negligible in that only a few thermocouple leads 
were burned. A most unfortunate s i tua t ion then presented i t s e l f . 
I t was tha t the turbosupercharger could not be considered safe enough 
to run, and i t was impossible to obtain another one because of the 
national emergency. There was only one a l t e r n a t i v e , and that was to 
consider the t h e s i s complete because the combustion chamber had per-
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formed f a i r l y well, and also because i t was Impossible to con-
tinue fur ther development work* 
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PROPOSED TFST PROCEDURE AIMD CALCULATIONS 
The w r i t e r had in tended making runs and t ak ing d a t a neces sa ry t o 
a r r i v e at percent s t a t i c p r e s s u r e drop ac ros s t he combustion chamber 
and combustion e f f i c i e n c y , s i n c e t h e s e a r e the two most impor tan t i tems 
in t h e eva lua t ion of a combustion chamber. The o t h e r s ( r e l i a b i l i t y 
under mechanical s t r e s s , v i b r a t i o n , and high t e m p e r a t u r e s , ease of i g -
n i t i o n , and t empera tu re p r o f i l e a t t u r b i n e i n l e t ) would have been C<i.±-
f i c u l t t o measure and would have r e q u i r e d t h e expendi tu re of c o n s i d e r -
a b l e money t o ins t rument t h e exper iments p r o p e r l y , 
The f i r s t i t em, percent s t a t i c p r e s s u r e drop, could e a s i l y have 
been c a l c u l a t e d a f t e r measuring t h e s t a t i c p r e s s u r e a t i n l e t and o u t -
l e t of t h e combustion chamber, p r e s s u r e tapa Nos,19 and 2 1 ; s u b t r a c t -
ing i n l e t from o u t l e t s t a t i c p r e s s u r e and d i v i d i n g t h e remainder by i n -
l e t p r e s s u r e would g ive t h i s i t em immediately. 
The c a l c u l a t i o n for combustion e f f i c i ency would have been s l i g h t -
36 l y more involved . Vincent de r ived a simple equat ion s t a r t i n g wi th 
t h e s teady flow form of the F i r s t »̂aw of Thermodynamics, V i n c e n t s 
equation reduced to? 
h2 / v\ / f)0.5T - 375 / echc) - 1 / f(h3 / v^ ) (1) 
2gJ 2gJ 
It was to be assumed that the enthalpy of the air was a pure 
function of temperature (this assumption was permissable because of 
the low pressures, 32 psia, and the high temperatures, 15>00 F, involved). 
The enthalpy terms in the above equation could then be evaluated by 
*Refer to Figure 5 through 11 inclusive. 
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temperature measurements before and af ter the combustion chamber; 
thermocouples Nos.20 and 2^ in t t i l s case. The ve loc i ty terms were 
to be evaluated by measuring the s t a t i c pressure , impact pressure, 
and temperature before and af te r the combustion chamber. Because of 
the 139 bend before the combustion chamber i n l e t , i t was thought ad-
visable to measure these quant i t i es (for the in le t sec t ion of the com-
bustion chamber) at the downstream end of the s t ra ight section of the 
compressor duct; pressure taps Nos.l6 and 17i and thermocouple No.18 
were to be used. The ve loc i ty obtained by calcula t ion based on 
these measurement;s was to be corrected to conditions ex i s t ing at the 
combustion chamber i n l e t by measuring the temperature and pressure 
there (pressure tap No.19 and thermocouple £to.20) and assuming incom-
press ib le flow throughout the compressor duct. The ve loc i ty at t u r -
bine in l e t was to be calculated based on similar measurements using 
pressure taps No.21 and 22 and thermocouple No.23. No correction 
would have been needed in t h i s case. Natural ly, i t would have been 
necessary to have applied su i tab le coeff icients to the ve loc i t i e s 
calculated in each instance so tha t the average ve loc i ty was used and 
not the maximum velocity* Because of the extremely high Reynolds 
number encountered (1,000,000 in the compressor duct and even higher 
in the combustion chamber) a coefficient of about 0.9 was to be 
used. 
The mass flow of a i r was to be calculated by using the average 
velocity in the compressor duct and the cross-sect ional area of same. 
The measurement of the fuel supplied was to have been obtained d i rec t ly 
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by weighing. The r a t i o of mass ra te of flow of a i r and the mass 
ra te of fuel supply was the "f" term in equation (1) , 
The chemical energy, hc of the fuel supplied was known to be 
19,025 BTU per pound, and was to be d i r ec t ly applied to the equation, 
Every quantity except e c , combustion efficiency, was then 
known; i t could have been easi ly solved fo r . 
The wr i te r had intended to make ca lcula t ions of combustion 
efficiency and percent s t a t i c pressure l o s s with the unit running 
unthrot t led &t vaiying speeds and also with i t running at constant 
turbine in le t temperature at varying speed. The l a t t e r runs would 
simply have required the use of a damper in the a i r intake duct. 
I t was also intended to plot turbine i n l e t temperature vs ro tor 
speed. Naturallyai no calcula t ions would have been required except, 
possibly, averaging the temperature reading obtained. 
The wr i te r was confident that the combustion efficiency curve 
would have been very close to a s t ra ight l i n e at about 97$ under a l l 
conditions. The percent s t a t i c pressure l o s s would have been a 




Obviously, t h e f i r s t and most important s tep t o be t aken i s t o 
r e p l a c e t h e turb©supercharger . I t i s t h e w r i t e r ' s op in ion t h a t i f 
t h e t u rbosupe rcha rge r which i s i n s t a l l e d in p l ace of t h e p resen t one 
i s a used one, something s i m i l a r t o t h e two a c c i d e n t s mentioned p r e -
v i o u s l y w i l l happen in a very sho r t t ime a f t e r i n s t a l l a t i o n . I t 
would be pure f o l l y t o t h ink t h a t a used tu rbosupe rcha rge r w i l l r e n -
der accep tab le s e r v i c e by t h e very f ac t t h a t i t has been removed 
from i t s i n s t a l l a t i o n . The p r e s e n t supercharger should be r e p l a c e d 
only by a new one. 
The combustion chamber was d isassembled a f t e r t h e f i r e . I n -
s p e c t i o n of the flame tube i n d i c a t e d t h a t some changes i n t h e de s ign 
must be made. For ont t h i n g , t h e r e a r e s i g n s of i n t e r g r a n n u l a r c o r -
n 
rosion in a region extending from the maximum diameter to about 12 
downstream from t h i s point . I t should be emphasized t l a t the cor-
rosion i s not ser ious , but i t does ind ica te that the flame tube wall 
has reached very high temperatures. In order to avoid fa i lu re due 
to intergrannular corrosion, i t i s suggested tha t the primary a i r 
o r i f i ce be enlarged so that the temperature in the primary zone be 
reduced. As has been mentioned previously, the flame body wi l l be 
lengthened by a decrease of the primary zone temperature. The op-
timum size of the primary a i r zone with consideration of the flame 
body length must be arrived at by purely cut and try methods. 
The enlargement of the primary a i r o r i f i ce i s highly desirable 
from, another standpoint. Consideration of Figure U shows tha t the 
secondary a i r must follow a path which offers a re la t ive ly high re -
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sis tance to i t s flow. 7/hen i t i s remembered tha t approsimately 
three tiar.es more a i r must follow th i s high res i s tance path than 
that which goes through the low res is tance path (that of the p r i -
mary a i r ) , a reduction in the amount through the high res i s tance 
path wi l l resul t in a lower s t a t i c pressure l o s s across the com-
bustion chamber. With a lower s t a t i c pressure l o s s , the unit wil l 
run at a lower turbine in le t temperature at any given speed. 
I t i s believed by the wr i t e r that a smaller flame holder would 
create sufficient flow reversa l t o s t ab i l i ze the flame front . A 
reduction in the s ize of t h i s part would reduce the amount of t u r -
bulence in the flame tube and r e su l t in a decrease in the s t a t i c 
pressure loss across the combustion chamber. Unfortunately, no 
recommendation as to optimum s ize can be given. Cut and t r y 
methods must be employed to a r r ive at a su i tab le diameter. 
A design change which should be made as soon as poss ible in-
volves the bend in the compressor duct. This design change i s nec-
essary because the wri ter fa i l ed to consider the maintenance and ad-
justments of the fuel and ign i t ion systems during the i n i t i a l design. 
In order to make any adjustments in e i ther of these systems (which 
heretofore have proved to be most troublesome), i t i s necessary to 
remove the ent i re combustion chamber from the u n i t . In vie*.v of the 
fact that t h i s operation requi res the services of at l e a s t three and 
preferably four men, a modification which would enable one man to do 
the job i s highly des i rab le . This could be accomplished i f the bend 
in the compressor duct were cut in half t ransvere ly . That i s to 
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say, that i f ths 129^ bend wore two separate 94*5 beads, the en-
t i r e fuel and ign i t ion system could be removed without distrubing 
the combustion chamber i t s e l f . 
Sines t h i s modification can be made with a minimum of t rouble 
and i s so important, i t should be done even i f the turbosupercharger 
cannot be replaced immediately* 
The fuel nozzle should be modified. When the writer enlarged 
the grooves on the p i n t l e before the second set of t r i a l run3, he 
made them too big„ As a r e s u l t , when the fuel pressure i s only 
about 500 p s i , the nozzle i s passing suff ic ient fuel to run the unit 
at 20,000 rpm. To u t i l i z e the capacity of the pump as much as pos-
s ib l e , i t i s suggested that the nozzle grooves be reduced in s ize so 
tha t they wil l pass a l l the necessary fuel at 1000 p s i . After the 
fuel nozzle has been modified* i t night he that the unit cannot be 
run at low speeds (4,000 - 3,000 rpm). This might happen i f the 
grooves are comparatively l a rge . If t h i s i s the case, the wri ter 
suggests that two different nozzles be used, one of high speed, the 
other for low. If the modification of the compressor duct i s made, 
the nozzles could be changed \nth a minimum of t roub le . 
The bearing blower unit should be t e s t ed to see i f i t i s de-
n 
l ive r ing about 200 cfra at 6 water t o t a l pressure . If i t i s not, 
replace i t with a unit tha t wi l l . 
The intake a i r duct should be tes ted to see i f i t actual ly 
does help the unit run cooler . If there i s no appreciable dif-
AO 
ference in turbine in le t temperature with and without the duct, 
then i t s s t ra ight section should be modified into a venturi meter. 
The en t i re duct should then be ca l ib ra ted . The reason for t h i s i s , 
na tura l ly , so that the calculat ion for mass flow of a i r based on 
to t a l pressure in the compressor duct can De checked. 
Since the thermocouples at the tu rb ine in le t sect ion (with 
the exception of the asp i ra t ing one) are exposed to direct radiat ion 
from the primary zone of the flame tube, they must indicate a tem-
perature higher than tha t of the gas passing them. When i t i s rem-
mebered t h a t the temperature at t h i s point i s a c r i t i c a l item not 
only in the operation of the u n i t , but a lso in any experiments that 
can be conducted on the combustion chamber or any other component, 
i t i s of the utmost importance to be able to measure as close to the 
actual gas temperature as poss ible . This can be done best with a 
shielded thermocouple; therefore, t h i s piece of equipment should be 
obtained. 
I t i s the w r i t e r ' s opinion that the transformer should be 
placed outside the ce l l block because of the high a i r temperatures 
that are reached inside when the unit i s running. 
All the thermocouple leads should be arranged so that they do 
not span the turbosupercharger. Radiation from "he nozzla box 
causes deter iora t ion of t h e i r insu la t ion . 
A la rge CO2 f i r e extinguisher should be placed close to the 
unit • 
At l eas t one more hole should be made through the top of the 
u • 
cell block because of the large number of pressure lines which will 
eventually run from the unit to the manometer board. 
At least two more manometers should be made and installed, 
and all pressure taps should be piped to the manometers, 
After all or some of the above modifications and additions 
are made, the combustion chamber performance should be evaluated. 
With the addition of some more equipment, the performance of 
the bootstrap unit could be improved and various factors effecting 
complete gas turbine units could be determined. The first is the 
installation of a high pressure water injection system at the com-
pressor intake and in the combustion chamber. With the intake 
air already a variable,, the addition of this water injection sys-
tem would enable the operator to vary conditions throughout the 
unit almost at will. 
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LEGEM D FOR FIGURE 6 
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Part Number Description of part 
9 Fuel Pump 
10 Fuel Pump Dr iv ing Motor 
12 Po t en t i ome te r Pyrometer 
13 S e l e c t o r Switch 
14 Tachometer 
15 Beam Scale 
26 Turbine I n l e t Impact P r e s s u r e 
By-Pass Valve 
S-l Transformer Switch 
S-2 Bearing Blower Motor Switch 
FP-1 Fuel P r e s s u r e Control Valve 
FP-2 Fuel Shut-Off Valve 
SA-1 S t a r t i n g Ai r Shut-Off Valve 
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LEGEND FOR FIGURE 7 




Compressor Duct Static Pressure 
Tap 
Compressor Duct Impact Pressure 
Tap 
Compressor Duct Thermocouple 
Combustion Chamber Inlet Static 
Pressure Tap 
Combustion Chamber Inlet Thermo-
couple 
Excess Fuel Drain Valve 
'J1 
o 
FUiir^ c? - View of Eoiatoust-lQu fihttaber, Compressor Duct, and Turbosupercharger from Inside Cell Block 
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LEGEND FOR FIGURE 8 
Part Number Description of Part 
1 Turbosupercharger 
2 Compressor Duct 
3 Combustion Chamber 
21 Turbine Inlet Static Pressure Tap 
23 Vertical Turbine Inlet Thermocouple 
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LEGEND FOE FIGURE 9 
Desc r ip t ion of p a r t 
In t ake Ai r Duct 
Exhaust Duct 
Bearing Slower Motor 
Bearing Blower 
Turbine I n l e t Impact P r e s s u r e Tap 
V e r t i c a l Turbine I n l e t Thermocouple 
Hor izon ta l Turbine I n l e t Thermocouple 
Turbine I n l e t A s p i r a t i n g Thermocouple 
O 
Figure 10 - l&tplosion View of Combustion Chamber 
IW 
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Figure 11 - Close-up of Fuel Nozzle, Flame Holcler end Spark Plug 
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LEGEND FOR FIGURE 11 
Par t Number D e s c r i p t i o n of Par t 
11 Fuel Nozzle 
19 Combustion Chamber I n l e t S t a t i c P r e s -
su re Tap 





The following are steps which the writer feels should oe 
followed when starting and-running the oootstrap, It is suggested 
that they be strictly adhered to until such time that the operator 
has acquired sufficient familiarity with the unit to develop his 
own technique, 
1, Switches no.29 and 30 on the laboratory switch board should 
be on. These close the circuits to the test block lights and auxiliaries. 
2, Drain excess fuel from flame tube by opening valve no.FP-3 
until flow has stopped. Close valve, 
3, Check to see that the oil tank is at least half full. If 
not, add S.A.E. 20 oil. 
A, Check hose connections from bearing blower to turbine cooling 
cap, 
5. Throw switch no,5-2. This closes circuit to bearing blower 
motor, 
6. Close and lock steel door to cell block. 
7. Close explosion door and check for foreign matter in intake 
duct. 
3, Connect fuel pump and potentiometer to 110 volt supply out-
side the cell block, 
u • 
9. Close valve no,FP-2 (fuel shut-off valve) . 
10. Start fuel pump motor and adjust fuel pressure with valvs 
no.FP-1 (fuel pressure control valve) u n t i l pressure gage reads 1000 
psi to insure that the fuel pump and dr iving motor are in proper run-
ning shape. Reduce pressure to zero. 
11. Standardize potentiometer. I f t h i s i s not done, the tem-
perature indicated by the instrument are meaningless* 
12. Throw thermocouple switch no.4- t o the on posi t ion. The 
potentiometer now reads turbine in le t temperature. 
13» Turn valve no.£A-l ( s t a r t i n g - a i r shut-off valve) to fu l l 
open pos i t ion . When tachometer reads between 2000-2500 rpm proceed. 
l/>. Adjust fuel pressure to 20 psi* 
15* Throw switch no.S-1 to on pos i t ion . This supplies power 
to the 110-15,000 vol t transformer. 
16* Open valve no.FP-2. 
17. If temperature and speed do not begin to r i s e within 30 
seconds, shut off valve no.FP-2 and switch no.S-1 but leave s t a r t -
ing a i r on so as to purge the combustion chamber of fuel p a r t i c l e s . 
After 3 minutes repeat nos.15 and 16* 
18. I f uni t does not f i r e a f te r second t r y , shut down; unit 
should be disassembled and t rouble corrected. 
19. I f unit f i r e s , wait u n t i l tachometer indicates 6000 
rpm and shut off s t a r t i ng a i r supply. 
20. Do not shut unit down because of noise caused by a low 
frequency v ib ra t ion . I t i s caused by the flame tube, and wi l l 
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stop as soon as i t has expanded and wedged i t s e l f against the 
turbine end of the outer duct, 
21 . Throw switch no.S-2 to off posi t ion. The spark i s not 
required a f te r the flame front i s establ ished. 
22. The unit i s now se l f -opera t ing . All further speed control 
i s accomplished by adjusting pressure control valve. Never exceed 
pressure of 1200 ps i , otherwise fuel pump driving motor wil l s t a l l out. 
23. Never allow turbine i n l e t temperature to exceed 1600°F. 
24. Never allow speed to exceed 20,000 rpm. 
25. In case of emergency or when shutting down un i t , reduce 
fuel pressure t o zero and close fuel shut off valve. Reducing 
fuel pressure to zero i s not enough to insure fuel stoppage, since 
nozzle drips when fuel shut-off valve i s not closed. 
26. Shut off a l l a u x i l i a r i e s , 
